Abstract Previous research suggests that green environments positively influence health. Several underlying mechanisms have been discussed; one of them is facilitation of social interaction. Further, greener neighborhoods may appear more aesthetic, contributing to satisfaction and well-being. Aim of this study was to analyze the association of residential surrounding greenness with self-rated health, using data from 4480 women and men aged 45-75 years that participated in the German population-based Heinz Nixdorf Recall study. We further aimed to explore the relationships of greenness and self-rated health with the neighborhood environment and social relations. Surrounding greenness was measured using the Normalized Difference Vegetation Index (NDVI) within 100 m around participants' residence. As a result, we found that with higher greenness, poor self-rated health decreased (adjusted OR 0.90, 95% CI 0.82-0.98; per 0.1 increase in NDVI), while neighborhood satisfaction (1.41, 1.23-1.61) and neighborhood social capital (1.22, 1.12-1.32) increased. Further, we observed inverse associations of neighborhood satisfaction (0.70, 0.52-0.94), perceived safety (0.36, 0.22-0.60), social satisfaction (0.43, 0.31-0.58), and neighborhood social capital (0.53, 0.44-0.64) with poor self-rated health. These results underline the importance of incorporating green elements into neighborhoods for health-promoting urban development strategies.
Introduction
The built environment has been broadly recognized as a determinant of human health [1] . Differences in health status within cities partially stem from differences in environmental conditions [2] . Greenness is an environmental feature which is increasingly studied in the context of health, and green environments have been linked to better population health [3] [4] [5] [6] [7] [8] and reduced mortality [9] in previous research. Unfortunately, access to green space is often not equitably distributed with regard to socioeconomic background of city residents [10] .
are perceived may influence residents' health [11] . A recent study found positive associations between trust of neighbors, exchange of help with neighbors, participation in social activities or organizations, and satisfaction with physical environments and self-rated health [12] . Considering the social environment, social relationships and networks are a valuable health resource [13] [14] [15] and represent a core aspect of the so-called social capital [16] .
Attributes of neighborhoods may contribute to the health effects of social aspects [17] , and it has been suggested that social cohesion may explain parts of the association of green space and health because green spaces offer opportunities to meet and connect [18] . The role of social contacts in the association between greenness and health has been investigated in a previous study [19] which found that loneliness and perceived shortage of social support partially mediated the relation between green space and health. Another study came up with the same result [20] and Sugiyama et al. similarly concluded that social coherence may contribute to the relationship between greenness and mental health, but found no empirical evidence for such an association for physical health [21] .
In order to gain deeper insight into the complex relationships between the social and physical environment-and particularly surrounding greenness-and health, the aim of our study was to investigate the following:
1. The association between residential surrounding greenness and self-rated health, 2. The association between residential surrounding greenness and neighborhood environment (neighborhood satisfaction, perceived safety) and social relations (social satisfaction, neighborhood social capital), and 3. The associations of neighborhood environment (neighborhood satisfaction, perceived safety) and social relations (social satisfaction, neighborhood social capital) with self-rated health.
So far, the relationships between greenness in immediate residential surroundings and the mentioned neighborhood environment and social factors have been rarely studied, particularly in combination with self-rated health. Early observations [22] and more recent studies suggest that green and natural views (e.g., from a window) can have a positive impact on health by alleviating stress and facilitating mental restoration [22] [23] [24] [25] . Therefore, we think it is important to study greenness in immediate residential surroundings in addition to, e.g., distance to parks and public green spaces, as the relationship with health, well-being, and satisfaction as well as with social ties may differ for different aspects of greenness.
Methods

Study Population
We analyzed data from participants of the Heinz Nixdorf Recall (HNR) study which was conducted in three adjacent cities (Bochum, Essen, and Mülheim/Ruhr) in the metropolitan Ruhr region in Germany (Fig. 1) . Details of the design of the HNR have been published elsewhere [26] . In brief, study participants (n = 4814 women and men aged 45-75 years) were randomly selected from population registries and enrolled between 2000 and 2003. The examinations were performed in the Heinz Nixdorf Study Center, Essen, and the baseline response calculated as recruitment efficacy proportion was 55.8% [27] . The study maintained extensive quality management procedures, including a certification and recertifications according to DIN ISO 9001:2000/2008. It was approved by the local ethics committees and all participants gave informed consent prior to participation.
Exposure Assessment
Level of surrounding greenness at each participant's residence was measured using the Normalized Difference Vegetation Index (NDVI) [28] . The NDVI is commonly used as an indicator of the presence and level of green vegetation. Values of NDVI range from −1 to +1; those approaching −1 generally correspond to water, while values around 0 represent bare surfaces with sparse vegetation, e.g., rock, rooftops, and roads, and values close to 1 represent dense green vegetation. It is calculated according to the level of reflectance of nearinfrared and visible red wavelength spectra detected by satellite, using the formula [29] NDVI ¼ near infrared−red ð Þ = near infrared þ red ð Þ
We calculated NDVI across the study area at a 30-m resolution based on United States Geological Survey Landsat 5 Thematic Mapper satellite data bands 3 and 4 (from 10 July 2003, a cloudless day), using the geographic information system (GIS) ArcMap 10.3.1. After excluding negative NDVI values to eliminate any confusion of water-a potentially positive environmental exposure-with poor greenness, we calculated the mean NDVI within a buffer of 100 m around the participants' addresses (see Fig. 2 ) using Geospatial Modeling Environment. Residential surrounding greenness measured by NDVI thus refers to the general vegetation level in this area. The 100-m buffer was chosen to represent the immediate (Bnext-door^) neighborhood and has also been applied in previous studies using the NDVI [20, 30] . For additional analyses, we also calculated the NDVI in a buffer of 1000 m to apply a broader scale of neighborhood. We used this bigger difference to the 100-m buffer because mean NDVI in buffers of 250 and 300 m were strongly correlated with the 100-m values in our population (r = 0.8, p < 0.0001), while the 1000-m NDVI was less correlated (r = 0.5, p < 0.0001).
Self-Rated Health
Information on self-rated health was obtained in a standardized computer-assisted personal interview by the question BHow would you describe your overall health status during the last twelve months?^on a five-point Likert scale (Bvery good,^Bgood,^Bfair,^Bpoor,^or Bvery poor^). This health measure was dichotomized, with the answers Bpoor^or Bvery poor^representing poor self-rated health status, in order to receive a binary outcome variable for easier interpretation of logistic regression estimates. Dichotomization of the self-rated health variable has been shown to provide robust results when compared with statistical approaches based on the original categories [31] .
Neighborhood Environment and Social Relations
Participants rated satisfaction with their neighborhood (note: the term neighborhood refers to the physical residential environment in this context) and social relations, as well as trust in neighbors, helpfulness of neighbors, and perceived neighborhood safety in a questionnaire.
The questions BHow satisfied are you with your residential area?^(neighborhood satisfaction) and BHow satisfied are you with your relations to friends, neighbors, acquaintances?^(social satisfaction) could be answered by Bvery unsatisfied^, Brather unsatisfied,B rather satisfied^, or Bvery satisfied^. Both of these Agreement with the statements BMost people in my neighborhood are helpful^, BI can trust most people in my neighborhood^, and BI feel safe during daytime in the area where I live^(perceived safety) was expressed by the options Bfully disagree^, Brather disagreeB rather agree^or Bfully agree.^These items were dichotomized, with Bfully/rather disagree^being the negative and Bfully/rather agree^the positive response. The information on trust in and helpfulness of neighbors was combined to create a dichotomous variable neighborhood social capital. If participants responded positively concerning both helpfulness of and trust in neighbors, neighborhood social capital was categorized as high. Note that this definition assesses neighborhood social capital on individual level. Further, the scale of neighborhood/living area is not defined in the questionnaire and thus a matter of subjective interpretation.
Covariates
Information was obtained through standardized computer-assisted personal interviews and by selfcompleted paper and pencil questionnaires. Education and employment status were included as indicators of individual socioeconomic position (SEP). Education was defined by combining school and vocational training as total years of formal education according to the International Standard Classification of Education [32] and categorized into four groups (≤10, 11 to 13, 14 to 17, and ≥18 years). Employment status was also divided into four groups (employed, inactive/homemaker, retired, and unemployed).
Sociodemographic and behavioral covariates including date of birth, household size, and smoking (current, former or never-smoker) were assessed via standardized computer-assisted interviews. Height and weight were obtained by standardized anthropogenic measurements during the clinical examination. The body mass index (BMI) was calculated as (weight in kg/[height in m] 2 ). We applied the 2001 unemployment rate in the respective city unit/district (German terms: in Essen BStadtteil^, in Bochum and Mülheim/Ruhr Bstatistischer Bezirk^) as an indicator of neighborhood-level SEP. This data was obtained from the local census authorities of the respective cities of Bochum, Essen, and Mülheim/Ruhr [33] .
Statistical Analyses
Of the 4814 participants at baseline, we excluded those with missing data on self-rated health (n = 13), neighborhood satisfaction (n = 107), perceived safety (n = 115), social satisfaction (n = 114), neighborhood social capital (n = 221), NDVI (n = 5), or covariates (n = 46). The final analysis sample included 4480 participants (93% of initial sample).
We used a logistic regression model to analyze the associations between neighborhood greenness and self- rated health (main analysis), as well as relationships of both of these factors with neighborhood satisfaction, perceived safety, social satisfaction, and neighborhood social capital. Odds ratios for the associations with greenness were calculated for an IQR (=0.1) increase in mean NDVI, as in other studies on residential greenness and health outcomes [20, 30, 34] . To account for potential confounding factors, we adjusted for age (continuous), sex, employment status, neighborhood-level SEP (unemployment rate, continuous), household size (>1 person, yes/no), BMI (continuous), and smoking (current, former, never). The included covariates were selected beforehand based on literature and hypothesized pathways. All analyses were conducted with SAS version 9.4.
To explore potentially differential effects in different population groups, we stratified the analysis on greenness and self-rated health by (i) sex, (ii) age (<60/ ≥60 years), (iii) education level (≤13/>13 years of formal education), (iv) physical activity (sports/no sports), and (v) city of residence.
Results
The mean/median NDVI in 100 m around participants' residence was 0.36 (range 0.02-0.66; Q1 = 0.30, Q2 = 0.42) and 0.40 (range 0.19 to 0.60; Q1 = 0.36, Q2 = 0.43) in the 1000-m buffer. Surrounding greenness was approximately normally distributed (Fig. 3) . The overall prevalence of poor self-rated health was 16.4% (n = 735; men 13.1%, women 19.8%). Characteristics of the study population by self-rated health status and by surrounding greenness in 100 m are shown in Table 1 . Participants with poor self-rated health were more often female, unemployed, retired, and living alone. They also had lower education and were less physically active. No major differences in mean age and BMI were observed between those with poor and good self-rated health. A vast majority of the study population was satisfied with their neighborhood, felt safe in their neighborhood, was satisfied with their social relations, and reported high neighborhood social capital. We observed that those with lower education (≤13 years) were more likely to live within the lowest quartile of residential greenness (NDVI in 100 m ≤0.30) compared to those with higher education. The same applies to physically inactive participants, smokers, and those reporting low neighborhood social capital and low neighborhood satisfaction.
There were no differences in mean age and BMI when comparing by greenness.
Residential Surrounding Greenness and Self-Rated Health
The regression analysis revealed an inverse association of higher greenness and poor self-rated health, with an adjusted OR of 0.90 (95% CI 0.82-0.98) per 0.1-increase in NDVI within the 100-m buffer. The crude OR did not differ much ( Table 2 ). The association between greenness and self-rated health was similar in the 1000-m buffer with an adjusted OR of 0.90 (95% CI 0.77-1.05) ( Table 2) .
Stratified analyses indicated no differences in the association between greenness and self-rated health by gender, education, and city of residence. Comparisons by age group and physical activity revealed that the association was present only among participants younger than 60 years and those who were physically inactive (Table 3) .
Residential Surrounding Greenness and Neighborhood Environment and Social Relations
An increase of 0.1 in NDVI in the 100-m buffer was positively associated with neighborhood satisfaction (OR 1.41, 95% CI 1.23-1.61) and neighborhood social capital (OR 1.22, 95% CI 1.12-1.32) in the adjusted model, but not with perceived safety (OR 1.12, 95% CI 0.86-1.44) and social satisfaction (OR 0.98, 95% CI 0.84-1.15). As shown in Table 2 , the crude estimates were somewhat decreased by adjustment, particularly for neighborhood satisfaction (crude OR 1.59) and perceived safety (crude OR 1.37). Magnitude of the associations was similar considering NDVI in a 1000-m buffer. It is noticeable that the effect of adjustment on the crude estimates for neighborhood satisfaction (crude OR 2.05) and perceived safety (crude OR 1.80) was even more pronounced for the association with greenness in 1000 m around the residence.
Neighborhood Environment and Social Relations and Self-Rated Health
Results of the regression analysis showed a negative association between all investigated aspects of the neighborhood environment and social relations with poor self-rated health ( Table 2 ). The OR for poor self-rated health in the adjusted model was lowest for those reporting high perceived safety (0.36, 95% CI 0.22-0.60), followed by those with high social satisfaction (0.43, 95% CI 0.31-0.58), high neighborhood social capital (0.53; 95% CI 0.44-0.64), and high neighborhood satisfaction (0.70, 95% CI 0.52-0.94).
Further Results
Neighborhood satisfaction and social satisfaction were positively associated with neighborhood social capital and were also strongly associated with each other (for estimates see Supplement, Table S1a and b). Social satisfaction was more strongly associated with neighborhood social capital than neighborhood satisfaction, while neighborhood satisfaction showed a more pronounced association with perceived safety, which was not significantly associated with social satisfaction.
Discussion
In the present study, we found that a 0.1-increase in residential NDVI reduced the odds of poor self-rated health by approximately 10%, considering both the 100-and 1000-m scale and taking into account potential confounders. Further, residential greenness was positively associated with neighborhood satisfaction and neighborhood social capital which in turn were also associated with less poor self-rated health. Social satisfaction and perceived safety were associated with better health, but not with greenness.
Our results are in line with previous studies, where greenness has shown associations with different health aspects and outcomes [6, 35] . When comparing our results to those of other studies, it is important to bear in mind that a variety of different methods has been used to assess Bgreenness^in this research field [36] . These include subjective perception of greenness [21] or selfreports of visiting green space [37], access to public green spaces such as parks as well as objective measures of surrounding greenness at residence, such as the NDVI applied in our study. Nevertheless, other studies that used objective measures of greenness as exposure variable and self-rated health as an outcome show results that point in the same direction as ours [20, 38, 39] .
A connection between greenness and health seems intuitively plausible, but the mechanisms are not yet fully understood. For example, proximity to green spaces such as parks may encourage physical activity Fig. 3 Distribution of greenness (mean NDVI in a 100-m buffer) in the study population (n = 4480); normal density curve and thus promote health. However, our aim was to investigate the impact of residential surrounding greenness using the NDVI, so the access to green recreational areas was not measured in our study. We found an association between greenness and health only in the physically inactive, and those with lower surrounding greenness were less physically active in our study, which may imply higher health benefits from physical activity than from greenness. A review of studies comparing physical and mental well-being benefits of indoor vs. outdoor physical activity found some support favoring activity in natural outdoor environments, but the authors caution that further research is needed in this area [40] . Yet, in our study we had no information on [41] . It describes an innate affinity towards nature and other living beings which is, as a result of evolution, deeply rooted in the human biology. Thus, humans would be born with a preference for natural elements and surroundings, and consequently, a lack of these may impair their wellbeing. The biophilia hypothesis finds support in a large variety of publications including experimental and observational research on stress recovery, visual and restorative effects of nature and green, physical activity in natural environments, and diverse aspects of human health and well-being [42, 43] . Our result of increased neighborhood satisfaction in the presence of higher surrounding greenness further confirms a preference of green environments and stresses the necessity of incorporating natural elements in the design of urban living areas. This association has been observed in previous studies as well. For example, Hur et al. [44] . found correlations of both objective greenness (NDVI) and perceived naturalness and openness with overall neighborhood satisfaction in a sample of 725 homeowners in Franklin County, Ohio. Similarly, a Swedish study of 24,847 public health survey participants found associations of perceived green qualities with neighborhood satisfaction, physical activity, and general health which were mostly confirmed for GISassessed green qualities [45] . Another study [46] found associations with various aspects of GIS-measured landscape structure, such as variety in size and shape of tree patches, and neighborhood satisfaction in a mailed survey including 311 single-family households in the city of College Station, Texas. Results like these were also found in an analysis of the LARES survey [7] . Overall, it is not fully clear how greenness and nature add to neighborhood satisfaction, especially if it does more than increasing the neighborhood's attractiveness.
We observed an association of surrounding greenness with neighborhood social capital, but not with social satisfaction and perceived safety. This may be because social satisfaction is influenced by various factors that may outweigh the impact of greenness. Also, this variable may depend more on social relationships that exist outside the neighborhood, as opposed to the neighborhood social capital (e.g., friends/family vs. neighbors). Participants more frequently reported social satisfaction than high neighborhood social capital. It is striking that social satisfaction did not differ by greenness, while neighborhood social capital showed big differences by both greenness and self-rated health status (Table 1) . One possible explanation for this finding is that participants with lower greenness may be likelier to live in deprived neighborhoods. Previous studies [47, 48] have found that living in deprived neighborhoods was associated with lower social capital (in terms of trusting neighbors, helping each other out, etc.), which may add to the observed result in our study. Considering perceived safety, total number of participants who did not feel safe was very limited (n = 71) and thus confidence intervals were rather broad for the greenness-safety relationship. The odds ratio showed a tendency towards a positive effect of higher greenness on perceived safety, though, and safety was also related to neighborhood satisfaction. One advantage of our study is that we had the opportunity to study both social satisfaction in general and social capital specifically relating to neighbors. Social relations have been investigated in the context of greenness and health before, and some studies support the hypothesis of potential mediation in this context [19, 20, 49] . In contrast, Fan et al. [50] found a negative effect of neighborhood greenness on social support. An earlier study found an association between the use of green outdoor common spaces and social ties and sense of community in a sample of 91 elderly inner city inhabitants [51] . It is possible that both greenness and relations with neighbors influence the perception of the neighborhood (satisfaction). Though the question BHow satisfied are you with your residential area?^intends to capture satisfaction with the physical environment, answers to it may not only reflect the respondent's attitude towards physical aspects but also the perception of the people sharing the neighborhood, depending on the interpretation of the question.
Regarding the association between neighborhood satisfaction and self-rated health found in our study, our results also support previous research. A Japanese study (n = 8139) observed an association of neighborhood dissatisfaction with poor self-rated health with an OR of 1.22 (95% CI 1.04-1.42), adjusting for various contextual and individual factors, including personality traits and sense of coherence [52] . Another study analyzed data of 199,790 participants of the Korean Community Health Survey [12] . This study used similar questionnaire instruments as the HNR study and found that trust of neighbors, exchange of help with neighbors, frequent contact with friends/neighbors, and satisfaction with the physical environment, including perceived safety, were positively associated with self-rated health in both urban and rural communities, after adjusting for relevant confounding factors. Similar results were reported based on findings from a computer-assisted telephone survey carried out in Vancouver which also found that neighborhood dissatisfaction was associated with fair/poor self-reported health (OR 2.24, 95% CI 1.65-3.03) [53] . It is tempting to suggest that satisfaction increases health, which has also been found in a previous prospective study on life satisfaction and health [54] . However, it is not possible to infer the direction Table 3 Odds ratios with 95% confidence intervals for the association between a 0.1 increase in NDVI (100 m) and poor self-rated health in different population strata Table S1 ). Also, information about perception of the neighborhood and social environment as well as individual health was obtained from self-reports by the same individuals, which may introduce same-source bias [55] . General strengths of this study include an objective measure of greenness based on high-quality satellite imagery and individual exposure assessment based on residential addresses. The outcome self-rated health was assessed by a widely used and simple instrument which has been shown to well-reflect objective health status [56] . We investigated a large number of randomly selected participants, allowing associations to be studied in different subgroups. Furthermore, comprehensive measurements enabled inclusion of many potential confounding factors in our analyses. We had only few dropouts due to missing data (7% of the initial cohort), which makes bias due to missing data unlikely.
Regarding limitations of our study apart from already mentioned ones, the exposure assessment has some drawbacks. While the NDVI is considered a good tool for quantifying neighborhood greenness [28] , it does not provide information about the present type, or Bquality,ô f greenness. It is not possible to distinguish trees from grass or bushes using the NDVI, for example. Future research would thus profit from additionally incorporating measures of type or quality of greenness. This is important for city planners, as there may be specific types of greenness that are particularly valuable for health [57] . Also, we had no information about actual use of the greenness, non-residential exposures to greenness such as park visits, or time spent in other environments, including the workplace. This may contribute to exposure misclassification. Further, causal inference is not possible based on the cross-sectional study design. We investigated a general population sample of middleaged and older men and women living in an urbanized area in Germany and hence our results cannot be generalized to populations from other countries, or children, young adults, and residents of very rural areas. While most previous studies on health effects of green environments have focused on adult populations, several studies support associations of greenness with different health indicators in children as well [58] [59] [60] .
Conclusion
According to our results, there is an association between residential surrounding greenness and self-rated health. This result adds to existing evidence suggesting that greenness is a beneficial health resource. Further, higher greenness was associated with neighborhood satisfaction and neighborhood social capital, which were also associated with better self-rated health. Incorporating green elements even in small-scale neighborhoods may represent an important mean of improving city dwellers' health and well-being, possibly also by positively influencing social capital. In this context, the importance of creating environmental equality cannot be stressed enough, especially as we-like other authors beforefound an unequal distribution of greenness by socioeconomic position. Since various different methods are used to study green environments, improving understanding of what these different indicators of greenness measure and how they can be evaluated and combined in health research are crucial tasks for further research.
